Abstract: Oxygenation by a plunging water jet is a more attractive way to effect oxygen-transfer than conventional oxygenation systems. A lot of work has been reported on the oxygen-transfer by plunging water jets. However, few studies have been carried out on hollow plunging jet. In this paper, volumetric oxygen-transfer coefficient and oxygen-transfer efficiency has been studied experimentally for hollow plunging jet in a pool of water for different thicknesses of jets. This research suggests that the volumetric oxygen-transfer coefficient and oxygen-transfer efficiency of the hollow plunging jet for air-water system are competitive with other types of aeration systems. Further, relationships of volumetric oxygen-transfer coefficient with jet power per unit volume and jet parameters are also proposed. The suggested relationships predict the volumetric oxygen-transfer coefficient for hollow plunging water jet within a scatter of % 15 ± .
INTRODUCTION
It is well known that a water jet, which after passing through the surrounding atmosphere plunges into a water pool, entrains into this pool a substantial amount of air and forms a submerged two-phase region with a considerable air-water interfacial area. This process is called plunging water jet entrainment and aeration (or oxygenation). It is basically a combination of hydrodynamic and aerodynamic forces interacting between water jet and ambient air. Plunging jet applications include aeration and floatation in water and wastewater treatment, oxygenation of mammalian-cell bio-reactors, biological aerated filter, fermentation, bubble floatation of minerals, plunging columns, cooling system in power plants, stirring of chemicals as well as increasing gas-liquid transfer, plunging breakers and waterfalls (Bin 1993; Cummings 1997; Chanson et al. 2004 ; Leung et al. 2006 ). Oxygenation by a plunging water jet is a more attractive way to effect oxygen-transfer than conventional oxygenation systems for various reasons (Kusabiraki et al. 1990 ; Bin 1993; Emiroglu and Baylar 2003): it does not require an air compressor; it facilitates make-up of the "closed" system, which enhance complete utilization of oxygen and volatile reactants; it is simple in design, construction and operation; it does not require separate stirring device because the water jet itself achieves aeration and mixing; it is energetically attractive as a means of straightforward contacting mechanism in fouling or hazardous environments; and it is free from operational difficulties such as clogging in air diffusers, limitations on the installation of mechanical aerators by the tank width, etc. Supported by these potential advantages, there has been a growing interest in the oxygenation by plunging water jets in the last few years.
A substantial number of researchers have studied air-water oxygen transfer by plunging jets. Experimental studies on the oxygen transfer by plunging water jets were carried out by van These and other researchers have identified jet velocity, jet diameter, jet plunge angle and jet power (which is a function of jet velocity and jet diameter) as the four operating variables affecting the oxygen transfer of a plunging water jet aeration system. However, it is insufficient to investigate or discuss the oxygen transfer by plunging jet oxygenation system only by these four factors. An important factor that cannot be overlooked is geometry/shape of the jet in the oxygenation system. A review of works carried out on different geometries of plunging jets so far suggests that most of these works were carried out on conventional shapes of plunging jets. Chanson and Brattberg (1998) 
OXYGEN-TRANSFER BY WATER JETS
In the "closed" system of the plunging liquid jet aerators, perfect mixing for the liquid phase in the pool and plug flow in the circulation pipe can be assumed (Bin 1993 ). In such a case, an oxygen balance equation relating the instantaneous rate of change in dissolved oxygen (DO) concentration ( dt dC ) to the rate of oxygen mass transfer between air and water can be written as: 
which after simplification, Eq. 5 can be written as: 
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EXPERIMENTATION

Experimental setup
In the present study, a "closed" system with a complete re-circulation of the water and a constant water holdup was used to conduct the experiments. A schematic representation of the experimental set-up is shown in Fig.3 . The experimental set-up consists of a water tank, a water pump, a flow-regulating valve, an orifice meter, a thermometer, a hollow plunging jet device, a piezometer and a scale. All experiments on oxygen-transfer by hollow plunging jet were carried out in a water tank with dimensions of 1.02 m long x 1.02 m wide x 1.0 m deep. The water-depth in the tank was kept at 0.6 m for all experiments and measured with the help of a piezo meter fitted to the water tank alongside a scale. The water in the experimental set-up was circulated by a centrifugal pump. A flow regulating valve was provided at the location identified in Fig.3 . A pre-calibrated orifice meter was installed in the pipeline for flow measurements. A digital thermometer was used for the temperature measurement. The hollow jet device was fitted to the Insert Fig.3 
HOLLOW PLUNGING JET DEVICE
The hollow plunging jet device has two main components, namely (1) a cylinder and (2) Fig.2(a) . The fabricated socket (Fig.2b) has internal threads so that it can be fitted to the inflow pipe (internal diameter = 53.34 mm), after placing and fixing the solid cylinder in the socket (Fig.2c) . When the device is fitted to the inflow pipe (Fig.2d) , the hollow plunging jets are generated as the water flows through the annular space between the inflow pipe and the solid cylinder (Fig.1) . With the three fabricated cylinders, hollow plunging jets of 3.97 mm, 2.85 mm and 1.95 mm jet thickness ( j t ) can be generated.
Experimental procedure
In this study, a series of laboratory experiments were carried out on hollow plunging water jet to study its volumetric oxygen-transfer coefficient ( a K L ) and oxygen-transfer efficiency ( OE ). The experiments were performed on three jet thickness, j t = 1.95, 2.85 and 3.97 mm. Each of these three hollow jets were tested at four different jet flow rates or discharges, viz., 1.33 x 10 -3 , 1.8 x 10 -3 , 2.5 x 10 -3 and 3.1 x 10 -3 m 3 /s. To begin with an experiment, the hollow plunging jet device was fitted to the inflow pipe. Tap water was then filled in the water tank. The opening of the regulating valve was set at desired flow rate using the pre-calibrated orifice meter in the supply line. Water in the tank was deoxygenated by adding an estimated quantity of sodium sulfite (Na 2 SO 3 ) and in addition cobalt chloride (CoCl 2 ) was added to act as a catalyst. A representative sample of the deoxygenated water was taken and the initial dissolved oxygen concentration ( 0 ) was obtained by using Eq.6. The OE and P values were calculated by using Eq.7 and Eq.9 respectively.
RESULTS AND DISCUSSIONS
The following sections discuss the variation of 
The above relationship (Eq.11) is similar to expressions proposed by Bin and Smith (1982) shows a scatter within ± 15% of the line of perfect agreement (Fig. 6a) 
The correlation coefficient between the experimental values of using Eq.12, shows a scatter within ± 15% of the line of perfect agreement (Fig. 6b) . Thus, Eq.11 as well as Eq.12 can be helpful in providing information about the oxygentransfer of hollow plunging jets with fair precision. A simple selection of jet velocity (in m/s) and jet thickness (in m) is therefore sufficient to predict the volumetric oxygentransfer coefficient (in 1/s) for hollow plunging jet. 
CONCLUSIONS
In this study, a series of laboratory experiments were carried out to obtain the values of the volumetric oxygen-transfer coefficient and the oxygen-transfer efficiency of hollow plunging water jets. Based on the findings of this study, the following conclusions can be drawn:
• The volumetric oxygen-transfer coefficient for the hollow plunging jet increases with the increase in jet velocity. For a given jet velocity, the • The volumetric oxygen-transfer coefficient for hollow plunging water jet increases with the increase in the jet power per unit volume.
• The volumetric oxygen-transfer coefficient for hollow plunging water jets is well correlated with the jet power per unit volume and jet parameters (representing jet power). The relationships, represented by Eq.11 and Eq.12, predict the • The oxygen-transfer efficiency of hollow plunging water jet is very much competitive with the other conventional aeration/oxygenation equipments and thus suggests their practical application.
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